INTRODUCTION
============

Congenital anomalies of the kidney and urinary tract (CAKUT) are characterized by structural and functional abnormalities of kidney, collecting system, bladder, and urethra.^[@R1]^ CAKUT have been identified in 20% to 50% of all fetal congenital anomalies in some populations,^[@R2]--[@R4]^ but the causes remain unclear. Although children with CAKUT are often asymptomatic, CAKUT are estimated to be implicated in 30% to 60% of cases of childhood-onset chronic kidney disease (CKD) in different populations.^[@R5]^ They are also 1 of the major causes of renal replacement therapy (RRT) and premature mortality in the young adult population.^[@R6],[@R7]^ Data from the European Renal Association-European Dialysis and Transplant Association Registry indicated that RRT for end-stage renal disease (ESRD) occurred earlier in patients with CAKUT (31 years old) than others (61 years old).^[@R7]^ A Taiwanese population-based study indicated that the incidence rate of ESRD had substantially increased in adolescents (13--17 years) and young adults (18--30 years),^[@R8]^ reflecting a high burden of both CKD and ESRD in Taiwanese young people.

An increase in women with diabetes mellitus (DM) at childbearing age has been reported in some populations.^[@R9]--[@R11]^ Diabetes during pregnancy increases the risk of adverse outcomes, including congenital malformations.^[@R12],[@R13]^ Some studies have suggested that gestational DM accounts for 5% to 6.1% of malformations in newborns, compared with a general population risk of 1.3% to 2.8%, with a relative risk of 1.86 of congenital anomalies.^[@R12]--[@R14]^ A recent study suggested that diabetes during the first 20 weeks of gestation is more crucial than late gestational diabetes, giving an additional 34% risk of having infants with CAKUT.^[@R15]^ The possible causes of congenital kidney and urinary tract-specific malformations are multifactorial and involve maternal health,^[@R12]^ genetics, and in utero environmental factors.^[@R16],[@R17]^ As the presence of CAKUT has implications for subsequent morbidity and mortality and provision of services, understanding of changes in epidemiological trends and relevant risk factors, particularly modifiable maternal factors, is imperative for early detection and prediction of prognosis during gestation.

We conducted a population-based study using data from the nationwide birth registry to identify possible risk factors and temporal trends in the incidence of CAKUT in the population of Taiwan from 2004 to 2011. We also examined the prevalence of maternal diabetes and compared the differences in birth characteristics between the children of women with and without diabetes.

MATERIALS AND METHODS
=====================

Data Source
-----------

The Birth Certificate Application (BCA) is maintained by the Health Promotion Administration (HPA) of the Ministry of Health and Welfare in Taiwan, and contains information about birth defects in newborns, reported from the medical perspective. According to the Protection of Children and Youth Welfare and Rights Act, medical facilities or midwives have to inform the Household Registration Office and HPA in Taiwan of relevant birth information within 7 days of a birth.^[@R18]^ Congenital anomalies in newborns are recorded by the birth delivery doctor in a birth defects form, which classifies defects into 9 types: nervous system; eye and face; heart and circulatory system; digestive system; genitourinary system; musculoskeletal system; respiratory system; chromosomal abnormalities; and others. Births classified as "with birth malformations" could have any of these, and births "without birth malformations" have none.

Design and Study Subjects
-------------------------

A population-based, case--control study was designed to evaluate trends in the incidence of CAKUT and associated risk factors in a birth cohort using the BCA dataset for the period between 2004 and 2011 in Taiwan. A newborn with renal hypoplasia, polycystic kidney disease, ureteropelvic junction (UPJ) obstruction, and other kidney disorders were classified as having CAKUT. Genital anomalies, including hypospadias, indeterminate sex, and cryptorchidism were excluded. In this population-based study, the number of cases is relative small and a large number of potential controls to select from the national registry. In order to ensure the necessary statistical power to detect an effect of important risk factor, a control group of newborns was randomly selected from births without any congenital malformation and matched by birth year and Apgar score at 5 min (\<7, ≥7, missing) to cases in a 5:1 ratio with most pair-match cases to maximize the statistical power for significance testing.^[@R19]^ The Institutional Review Board of Medical Research Ethics in Chang Gung Medical Foundation approved the study.

Risk Factors and Covariate Assessment
-------------------------------------

The BCA dataset includes information on maternal characteristics, including maternal age, original nationality, mode of delivery (vaginal delivery, caesarean section), birth order (1 or \>1), maternal health conditions (21 categories since 2004), and complications during labor (16 categories). The variables used in this study included age, nationality, medical conditions (eg, cardiovascular disease, hypertension, diabetes, renal disease) existing before and during pregnancy, lifestyle habits during pregnancy (any alcohol and tobacco use), and illicit drug use. Maternal age was categorized into age groups (\<20, 20--29, 30--39, and 40 or more years). Nationality was initially evaluated using multiple categories. However, no differences were seen among those of non-Taiwanese nationality, and race was therefore categorized as Taiwanese or non-Taiwanese. Complications during labor and delivery were dichotomized into with or without complications.

Birth outcomes were obtained from the BCA dataset, including congenital anomalies (9 categories), gender, gestational age in weeks, and birth weight in grams. Gestational age at birth was classified as \<37 weeks (small gestational age, SGA), 37 to 40 weeks (appropriate gestational age, AGA), and \>40 weeks (large gestational age, LGA). Birth weight was categorized as \<2500 g (low birth weight, LBW), 2500 to 4000 g (normal birth weight, NBW), and \>4000 g (high birth weight, HBW).

Statistical Analysis
--------------------

The incidence of CAKUT and any anomalies were reported by year as number of births per fiscal year as the denominator. Data were summarized as counts and proportions or as means with standard errors for the characteristics of mothers and newborns. Chi-squared tests were used to calculate the significance of distribution between groups.

Associations between prenatal risk factors for the development of CAKUT were investigated among maternal and birth characteristics reported in the birth registry dataset. In order to avoid potential informative missing gender information, "missing" was also included as a category for gender and adjusted in the model and to prevent loss of data because of missing covariates. The candidate predictors associated with the outcome were selected according to the adjusted odds ratio (OR) with *P* \< 0.05 of individual factors using conditional multivariate logistic regression including 20 individual factors with 25 degrees of freedom. The selected variables that can explain significant variability in the likelihood of CAKUT were assessed by adding into the multivariate logistic regression separately, and the final adjusted predicted model was determined based on the smallest value of Akaike Information Criterion. The Hosmer--Lemeshow test was employed to confirm goodness of fit of the model.

Tests for trends were performed for incidence of both congenital anomalies more generally, and CAKUT specifically, and prevalence of maternal health risk factors, based on the number of cases per year among births and the number of births per year. Changes over time were tested using the Cochran--Armitage test (Z statistic, *P* value)^[@R20]^ to identify increasing or decreasing prevalence (*P* value for 1-sided test) of major maternal health risk factors. This is useful to flag potential changes in patterns of prevalence of specific anomalies.^[@R21]^ All statistical tests were 2-tailed and the level of significance was *P* ≤ 0.05. Data processing and analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC).

RESULTS
=======

Characteristics of the Study Population
---------------------------------------

During the study period (2004--2011), there were 1,603,794 births reported, and 12,611 newborns with at least 1 congenital anomaly, an average incidence of 7.83 (±0.88) per 1000 births. There were 668 cases of CAKUT, an average incidence of 0.42 (±0.02) per 1000 births. The most common genital-urinary system malformations were polycystic kidney (10.63%), UPJ obstruction (10.22%), cryptorchidism (9.81%), and renal hypoplasia (9.73%). Figure [1](#F1){ref-type="fig"} shows the trend in the incidence of any congenital anomalies and CAKUT over time. The trend declined significantly for overall congenital malformation (Z = −11.42, *P* \< 0.001), but not for CAKUT (Z = −0.05, *P* = 0.48).

![Incidence of CAKUT and overall congenital anomalies by year, 2004 to 2011. Mean incidence was 0.42 (±0.02) per 1000 births for CAKUT and 7.83 (±0.88) per 1000 births for any congenital anomalies. There was a significant downward trend in the incidence of any congenital anomalies (Z = −11.42, *P* \< 0.001), but not in CAKUT (Z = −0.05, *P* = 0.48).](medi-95-e2659-g001){#F1}

Table [1](#T1){ref-type="table"} shows the characteristics of newborns with CAKUT and without any congenital anomalies in the study cohort. There was no difference in maternal age, nationality, and mode of delivery, but there were more mothers in the CAKUT group than in the control group with at least 1 comorbid condition, such as gestational diabetes, polyhydramnios or oligohydramnios, and histories of abnormal weight babies, thalassemia/hemochromatosis, and smoking or substance misuse. Overall, 22.75% of mothers in the CAKUT group and 19.88% in the control group had at least 1 type of complication during labor (*P* = 0.09). Malposition and fetal distress were more likely to occur in the CAKUT group (8.53%) than control group (6.14%) (*P* = 0.02). There were more boys in the CAKUT group (66.17%) than in the control group (53.05%), more infants born at \<37 weeks of gestational age (40.42% vs 31.17%), and more with birth weight \<2500 g (37.72% vs 30.90%) (Table [1](#T1){ref-type="table"}).

###### 

Characteristics of Newborns With and Without CAKUT, 2004 to 2011

![](medi-95-e2659-g002)

Risk Factors Associated With CAKUT
----------------------------------

Eight predictive factors for CAKUT in newborns were identified by full model of multivariate regression (Table [2](#T2){ref-type="table"}). Significant maternal factors associated with CAKUT in the multivariate model were: maternal age (20--29 years: OR, 2.18, 95% confidence interval \[CI\], 1.10--4.28; 30--39 years: OR, 2.29, 95% CI, 1.17--4.50), gestational diabetes (OR, 2.22; 95% CI, 1.06--4.67), polyhydramnios or oligohydramnios (OR, 9.16; 95% CI, 5.46--15.37), thalassemia or hemochromatosis (OR, 5.69; 95% CI, 1.68--19.34), and other illness (OR, 2.43; 95% CI, 1.38--4.28). Also, infants with CAKUT were more likely to be boys (OR, 1.83; 95% CI, 1.53--2.19), and born at SGA (OR, 1.48; 95% CI, 1.23--1.78).
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Associations Between Maternal and Birth Characteristics and Development of CAKUT

![](medi-95-e2659-g003)

Although more CAKUT infants were born to mothers with anemia (OR, 1.64; 95% CI, 0.69--3.92), pregestational diabetes (OR, 1.63; 95% CI, 0.38--7.09), pre-existing renal disease (OR, 1.68; 95% CI, 0.33--8.58), and cigarette/substance misuse (OR, 1.68; 95% CI, 0.42--6.76), no statistically significant associations were found after adjustment for other factors. The risk of delivery complications was not significant (OR, 1.07; 95% CI, 0.85--1.33) on CAKUT after adjustment for other maternal and newborn characteristics.

Maternal Health and Birth Outcomes
----------------------------------

The rate of mothers with at least 1 illness consistently increased over time in the study population (Supplemental Figure 1A). Significant upward trends over time were identified in subgroups of any maternal risk factor (Z = 28.33, *P* \< 0.001). The most common disease was GDM. The overall maternal diabetes exposure (pregestational and gestational) was 7.87 per 1000 births. The prevalence increased for both GDM (5.41 per 1000 births in 2010, and 8.47 per 1000 births in 2011, Cochran--Armitage test for trend with Z = 16.42, *P* \< 0.001) and pre-existing DM (1.18 and 1.5 per 1000 births in 2010 and 2011, respectively; Cochran--Armitage test for trend with Z = 3.49, *P* \< 0.001) in Supplemental Figure 1B. Hypertension was also prevalent and showed an upward trend over the study period in both before (0.09 and 0.14 per 1000 births in 2010 and 2011, respectively; Cochran--Armitage test for trend with Z = 6.44, *P* \< 0.001) and during pregnancy (0.57 and 0.71 per 1000 births in 2010 and 2011, respectively; Cochran--Armitage test for trend with Z = 9.01, *P* \< 0.001) (Supplemental Figure 1C).

The distributions of birth outcomes by maternal diabetes status are shown in Table [3](#T3){ref-type="table"}. GDM mothers were slightly more likely to have infants with at least 1 anomaly (1.25% compared with 0.78% in mothers without diabetes, *P* \< 0.001). Mothers with GDM also had a higher proportion of LBW babies (11.88% vs 9.33%), babies born at \<37 weeks of gestational age (20.04% vs 9.64%), and boys (54.42% vs 52.19%). There was an increasing number over time of both newborns with LBW (9.15 per 1000 births in 2010, and 9.80 per 1000 births in 2011) and gestational age \<37 weeks (9.74 per 1000 births in 2010, and 10.09 per 1000 births in 2011). The upward trend was significant in the incidence of LBW (Z = 10.81, *P* \< 0.001) and gestational age \<37 weeks (Z = 8.87, *P* \< 0.001) (see Supplemental Figure 1D and E). Mother\'s behavior risk (*P* = 0.08) showed an increased trend over time but not statistical significant (Supplemental Figure 1F).
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Frequency of Congenital Anomalies by Maternal Diabetes Status (2004--2011)

![](medi-95-e2659-g004)

DISCUSSION
==========

In this population-based birth cohort study, we found that the rate of overall congenital malformations steadily declined over the study period, which is in line with data from EUROCAT (1999--2008),^[@R21]^ the UK (1980--1997),^[@R22]^ and other registry data.^[@R15]^ The prevalence of both CAKUT (4.2 per 10,000 births) and all genitourinary tract and kidney anomalies (10% of all anomalies) present at birth was much lower than the figures of 20 per 10,000 live births and 23% to 30% of all identified birth defects in registrations,^[@R21],[@R22]^ and 30 to 60 per 10,000 live births previously reported.^[@R23]^ The discrepancy in reported incidence is likely to be related to the size of the study population, the method of diagnosis, the way in which the birth defect information used was recorded, and ethnic differences. Genitourinary tract and kidney anomalies were among the top 5 anomalies in the study population. The top 4 (musculoskeletal system, eye and face, chromosomal abnormalities, and heart and circulatory system) were found in similar roles in other populations.^[@R4],[@R21],[@R22]^

One of strengths of this study is that the BCA birth record includes comprehensive maternal health information, which enabled us to carry out this large study to examine their effect on the outcomes for children. Being male, having a gestational age of \<37 weeks and various maternal factors, including GDM, anemia or thalassemia, polyhydramnios or oligohydramnios, and maternal age, were contributors to the occurrence of CAKUT. Maternal health conditions are known to be independent risk factors for CAKUT. Our study found that thalassemia/anemia in mothers increased the odds of having a baby with CAKUT. Although thalassemia has been reported to increase risk of congenital anomalies (eg, spina bifida) and maternal complications (eg, shorter gestational age, gestational hypertension, and severe pre-eclampsia),^[@R24],[@R25]^ the role of a genetic disorder such as thalassemia in congenital malformation in the urinary tract and kidney needs further investigation.

Although pre-GDM did not show statistically significant increased risk of CAKUT (OR = 1.63; 95% CI, 0.38--7.09, *P* = 0.51), an association could still exist because of recall bias or limited self-reported cases in the registry, which could make it difficult to detect any significant association. The number of mothers with pre-existing hypertension, cardiovascular disease, and renal disease was small in the study cohort. Data sources linking birth registry data with information about pregnant women and infants from the healthcare system would help increase the certainty of correct reporting of medical conditions.

This study suggested that polyhydramnios, oligohydramnios, and gestational age \<37 weeks are strong risk factors for CAKUT, which is consistent with previous studies.^[@R4],[@R26]^ Alternations in amniotic fluid volume have been reported as contributing to poorer perinatal outcomes.^[@R27],[@R28]^ For example, oligohydramnios is highly associated with being SGA and increased mortality, and polyhydramnios with birth weight \>90th centile.^[@R28]^ The association between oligohydramnios and congenital anomalies in the urinary tract and kidney was also found in newborns with renal agenesis.^[@R26]^ A shorter gestational age and CAKUT shared the same risk factors, so it is not surprising to see gestational age \<37 weeks associated with occurrence of CAKUT in newborns.

Over the study period, the rate of congenital anomalies showed a downward trend, but the rate of maternal illness increased by 1.31 per 1000 births (from 3.66 to 4.97 per 1000 births). For mothers with diabetes, the adjusted OR (2.22; 95% CI, 1.06--4.67) confirmed the well-known association between GDM and CAKUT and other major malformations. The upward trends in reported diabetes^[@R11],[@R12]^ and hypertension^[@R29]^ in pregnant women were consistent with those previously reported in some populations. Infants of diabetic mothers had approximately twice the incidence of congenital malformations than those of mothers without DM in the study population. Previous studies have suggested that LBW, a surrogate for low nephron number,^[@R30]^ is a risk factor for postnatal CKD in both childhood and adulthood.^[@R31]^ Our study results showed that LBW may not be an independent risk for the presence of CAKUT at birth, however, because after adjustment for other maternal illnesses and prematurity, the positive association was no longer statistically significant. Despite this, the significant increasing trend of LBW suggested that careful monitoring and efforts to prevent LBW long-term sequelae of kidney injury are required.

Our study had some registry database-related limitations. The analysis was based on BCA data (reported within 7 days of birth), so the incidence of CAKUT may be under-estimated, as diagnosis of CAKUT may have been after this time. Second, there is potential for incomplete or inaccurate maternal health information, including diseases before and during pregnancy, and complications of labor and delivery. Similarly, not all potentially important risk factors are recorded on birth certificates. The HPA in Taiwan did not make any substantial changes to the reporting template, case ascertainment, or diagnostic methods for birth defects over the study period, so the quality of the dataset used was good. Finally, our study was unable to measure outcomes beyond the BCA itself, such as fetus and neonatal mortality and long-term morbidity.

The current knowledge of CKD epidemiology in children is mainly based on advanced stage CKD or ESRD from registry studies.^[@R6],[@R32]^ Evidence about congenital anomalies, and the earlier stages of childhood-onset CKD remains scanty. Taiwan has high prevalence and incidence of ESRD^[@R33]^ and CKD.^[@R34]^ This warrants an epidemiological study to evaluate trends in CAKUT and its risk factors. Our study used the nationwide birth cohort from 2004 to 2011, allowing us to assess trends and differences in rare events and providing generalizable study results. The BCA dataset enabled us to demonstrate a strong association between CAKUT and modifiable risk factors linked to adverse birth outcomes, including the increasing rate of diabetes and hypertension among women of childbearing age, and treatable or manageable risk factors, such as anemia, thalassemia, polyhydramnios, and oligohydramnios. These results could support service planning, monitoring trends, and assessing the disease burden because children with CKD are at increased risk for progression to ESRD and premature mortality. Further efforts are needed to study the potential causes and long-term outcomes of these trends linking clinical and administrative databases.
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